New empirical relationship is proposed to calculate instantaneous maximum diameters on the sample during compression test. The proposal is a relationship between instantaneous maximum diameter, friction coefficient, initial dimensions of the sample and the displacement during the compression test. Seventeen compression tests were carried out to copper cylindrical samples without lubrication at room temperature to obtain this new empirical relationship. Numerical simulations were carried out taking into a count this new relationship for numerical validation. The maximum diameters calculated with this new empirical relationship are the same to the experimental measurements. The mechanical behavior calculated with this new relationship and with the friction corrections of Rowe and Dieter are similar. The simulations are similar to the experiments, with differences lower than 4.21%. The simulation shows higher hardening in the middle of the sample than on the bottom. Numerical simulations show that, possibly, the friction coefficient between sample and dies changes meanwhile the sample is hardening.
Introduction
Compression test provides useful information to estimate power requirements and other characteristics of the manufacturing processes, especially for processes such as forging, rolling and extrusion. 1 Compression test is usually carried out by compressing a cylindrical sample between two flat dies. The friction between dies and sample avoids the free expansion of surfaces, causing the barreling of the sample. 1 Barreling is the change of the cross-sectional area in the samples with the height during the compression tests, which makes it difficult to obtain the curves of Stress vs. Strain. Additionally, the friction dissipates energy, so the compression force is greater than it would be. 1 Two friction corrections have been widely accepted 2 ; the friction correction proposed by Rowe 3 and the friction correction proposed by Dieter 4 . These friction corrections can be written as the equations 1 and 2, respectively:
(1) (2) r i is the instantaneous radius, σ and σ z are the axial stresses without and with friction, respectively; f is the Tresca Friction Coefficient and can be written as
is the Coulomb stress distribution and can be written as C f = 2μr/h. These equations are for cylindrical sample and they assume that the barreling is negligible. 2 Ettouney et al. 5 in 1983 used the Bridgman correction factor 6 for compression tests of aluminum alloys. They determined an approximate solution for cylindrical samples with presence of barreling. They proposed that the effective stress, σ can be writer by equation 3:
And (4)
L is the compression load and R the bulge radius. They calculated the bulged radius using the equation proposed by Kulkarni 
And (7) ΔR is the difference between the maximum and bottom radius (R m -R e ), the theoretic radius R vcp is calculated with the volume conservation principle, being R 0 , H 0 the initial radius and initial height, respectively, and H is the actual height (8) The equations 7 and 8 and experimental measurements of the radius (R m and R e ) are needed to calculate the average friction factor.
Ebrahimi et al. 8 proposed an equation to calculate the radius on the bottom. See equation 9. (9) Li et al. 9 in 2009 studied the hot compression tests carried out to cylindrical samples of IHS38MSV steel. They proposed for hot compression test a non-constant friction coefficient µ s , and a way to find it, see equation 10. 10 in 2013 presented a manuscript about compression tests carried out to cylindrical samples of composite (LM6/SiCp). They found a linear relationship between the logarithm of instantaneous maximum diameter and the logarithm of instantaneous height and proposed a relationship between the bulge radius, R, and the stress: (11) σ is the true axial stress, A and m are empirical constants. Altinbalik et al. 11 in 2011 studied the compression tests carried out to cylindrical samples of AA6082. They proposed a simple empirical expression to find the stress, see equation 12. 
Experimental Procedure
The copper was characterized by atomic spectroscopy with a SpectroLAb Junior and observed with metallographic microscope, see Table 1 and Figure 1 . The surface roughness of samples and dice are N7 12 . Seventeen compression tests at room temperature were carried out without lubrication with a speed of 0.028 mm/s. The compression tests were carried out according to ASTM E 9-09A 13 with the universal testing machine MTS-312.31/227. The samples of cooper were 12.6 mm of diameter and 20 mm of height, a slenderness ratio of 1.60.
The final displacement of the sample was the variable. The first test was made until a displacement of 2 mm, in this way the displacement was increasing, and so on until reach 14 mm of final displacement at the last test.
The diagrams of Load vs. Displacement are showed in the Figure 2 .
The final dimensions of the samples experimentally measured (see figure 3 ) are presented in the Table 2 . Figure 4 is a photo of some deformed samples. 10 taking the measurements reported by Ebrahimi et al. 8 and the final dimensions of the samples measured in this work (Table 2 ).
Ebrahimi et al. 8 , Ettouney et al. 5 , Joardar et al. 10 and Altinbalik et al. 11 found that the barreling depends mainly on the geometric of the sample and the friction.
A new linear relationship between the maximum diameter (D m ) and the diameter calculated with volume conservation principle (D vcp ) is proposed, see Figure 6 .
The empirical relationship for the compression test of copper without lubrication can be written by equation 13.
(13) Figure 7 shows a comparison between equation 13 and the experimental measurements. Figure 8 are the slopes m (Figure 6 ) vs. the friction coefficients µ reported by Ebrahimi et al. 8 , for the slope m =1.199, obtained in this work, the friction coefficient took is 0.36, sliding friction coefficient between copper and mild steel reported in the references 14 . The empirical relationship 13 allows calculate the D m knowing the elongation and the initial dimension of the sample without experimental instant measurements of diameters. These instant values of D m allow obtain true stress, taking into account the barreling, for example, with the equations 4 and 15 (black curve in Figure 9 ), with the friction correction of Ettouney et al. 5 (purple curve in Figure 9 ) or with the friction correction of Altinbalik et al.
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(gray curve in Figure 9 ). Figure 9 is the Stress vs. Strain obtained from equation 13 and with different friction corrections.
A recent work of Wang et al. 15 , using inverse method combined with finite element analysis, shows that the magnitude of barreling increases with increasing friction coefficient.
Yao et al. 16 and Duran et al. 17 found a relationship between the barreling, the friction and the slenderness ratio. They said that, possibly, the hardening exponent of the work material has a little effect over the barreling.
This work was made for a slenderness ratio of 1.6 and the effect of hardening exponent is neglected in the equation 14.
Numerical Analysis
The numerical analysis was made with finite elements models. The mesh was made in Gmsh 18 with a size element factor of 1.75. The finite element simulations were made in Calculix 19 . The mesh size element factor was checked. The dies were simulated like rigid. The copper was simulated like an isotropic elastic material until yield stress; and then it was simulated like an incremental plasticity material with hardening. 20 The elastic behavior of copper was simulated with a Young modulus E = 11000 Kgf/mm 2 (107800 MPa), 21, 22 and a Poisson ratio of ν = 0.33 23 . See equations 16 and 17, where ε is the strain. These values were determined from references and experimental measurements, see Figure 9 . (16) (17) The behavior of incremental plasticity material with hardening was calculated with the tests. The Stress vs. Strain was calculated from the experimental measurements of load and displacement (Figure 2) , the maximum diameters were calculated with the new empirical relationship (equation 13) to avoid errors by friction coefficient estimation, and the stress and the strain were calculated with equations 4 and 15 (black curve in Figure 9 ).
The numerical analysis is static with SGI Solver and supposes a symmetrical behavior of the sample; therefore the control volume is the half of the sample. See Figure 10 .
The simulation has boundary conditions in three surfaces (see Figure 10) :
a) The surface in middle of the copper sample. This surface is free to move and on it a compression load is applied. The compression load goes from 0 to -16000 Kgf (159906 N). Another condition on this surface is the multiple point constraint of the type plane (MPC-PLANE). 19 This second condition avoids fake flash on this surface.
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b) The surface on the bottom of the copper sample. This surface is free to move and complete the contact pair with the bottom die, mortar contact with coulomb friction.
c) The top surface of the bottom dice. This surface has not freedom degrees and it was defined to complete the contact pair with the copper sample. Figure 11 is a comparison between the sample dimensions obtained with the simulation and the experimentally measured. Figure 11 shows that the friction coefficient has a strong effect over the diameter on the bottom and a minor effect over the height and the middle diameter of the sample. Figure 11 shows that the sample dimensions obtained from the simulation with a friction coefficient of 0.36 are the same as experimental measurements, but for bigger strains, the sample dimensions obtained with friction coefficients of 0.20 or 0.10 are nearest to the experimental measurements, with differences less than 4.21%.
The aim of this works is propose an empirical equation to find instant maximum diameters during the compression test. The empirical relationship 14 supposes friction coefficient constant, but the numerical simulations ( Figure 11) show that, possibly, the friction coefficient decreases meanwhile the sample is hardening.
Numerical simulation shows that, possibly, the hardening of the sample has a little effect on the friction coefficient, and therefore on the barreling, such as was observed by Yao et al. 16 and Duran et al. Figure 12 shows the friction effect over the strain in the sample. The strain has a minimum on the bottom and a maximum in the middle. This behavior was described by Dieter. 25 He described three zones of deformation: Dead metal zone on the bottom, Intense Shearing in the middle and Moderate Deformation on the edges in the middle. The proposal is a new empirical relationship to obtain the instantaneous maximum diameters of the sample directly from compression tests data and initial dimensions of sample.
Conclusions
The friction correction proposed in this work takes into account the barreling of sample during the compression test. This new proposal gives mechanical behavior similar to those obtained by the friction correction of Dieter and Rowe.
The simulation made with this new proposal for friction correction give results very closed to the experiments, with differences minor to 4.21%.
Numerical simulations show that, possibly, the friction coefficient change with the hardening of the sample.
The numerical simulation shows a greater strain in the middle than on the bottom.
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